Single-cell RNA-Sequencing (scRNA-Seq) has undergone major technological advances in recent years, enabling the conception of various organism-level cell atlassing projects. With increasing numbers of datasets being deposited in public archives, there is a need to address the challenges of enabling the reproducibility of such data sets. Here, we describe guidelines for a minimum set of metadata to sufficiently describe scRNA-Seq experiments, ensuring reproducibility of data analyses.
are differences 8, 9 . To ensure that the results of individual scRNA-Seq studies can be reproduced, to allow for reuse of data generated in such experiments, and more generally, to enable researchers to build on previous discoveries, it is important that the necessary minimal information about scRNA-Seq experiments are collected and preserved together with the respective data. The community agreement and publication of the Minimum Information About a Microarray Experiment (MIAME) 10 guidelines almost two decades ago, was a major milestone in the way functional genomics data has been reported and archived. For the last two decades, the functional genomics data archives at EBI and NCBI have been accepting microarray and bulk RNA-Seq datasets, but the emergence of protocols which can assay transcriptomics at single-cell resolution brings along new requirements.
There is a clear need to establish minimum standards for reporting data and metadata for the various scRNA-Seq assays. ArrayExpress and the HCA have published online guidelines for technical information required for scRNA-Seq data submissions, however these are not yet widely adopted community standards. Such standards would serve as the guiding principles and would ensure the reusability of the submitted datasets, guide the adaptation of existing archival resources and enable reproducibility of analysis by the wider scientific community.
Here, we propose the minimum set of single-cell metadata terms, a checklist of information that is used to describe a single-cell assay in sufficient detail to enable analysis of the transcriptomic data. These guidelines are derived from the work on building and adapting community resources to archive and add value to such datasets, such as ArrayExpress, the HCA-Data Coordination Platform and the CIRM Stem Cell Hub.
Typical designs of single-cell transcriptomic experiments include the following steps: (a) single cell isolation; (b) addition of spike-in RNAs; (c) reverse transcription; (d) amplification; (e) library construction; (f) sequencing. Depending on the exact protocol followed, different types of metadata need to be recorded. Figure 1 shows an overview of the main steps that define the experimental workflows 11 for scRNA-Seq, with the variety of options used by different protocols. For example, the Smart-seq2 protocol 12 , which is frequently used for single-cell transcriptomics, involves cell isolation using fluorescence-activated cell sorting (FACS) and the use of microwell plates to separate the single cells. Barcodes are typically not used during reverse transcription; amplification is done by PCR and libraries covering the full length of the sequences are constructed. Alternatively, microdroplet-based protocols such as the commonly used single-cell controller from 10x Genomics use droplets to encapsulate individual cells and barcode individual molecules during reverse transcription. It uses a 3-or 5-prime tag system during library preparation.
Taking the five main components of the MIAME and MINSEQE 10 The adoption of MIAME guidelines by the scientific community, including the major scientific journals and public archives of functional genomics data almost two decades ago 14 was an important step towards enabling a widespread reuse of these data 15 . We strongly believe that now is the time to discuss and adopt similar guidelines for scRNA-Seq experiments, so that data generated in the growing number of these experiments are made available for reuse, metaanalysis and building of value-added gene expression resources. As single-cell transcriptomics are increasingly combined with imaging of tissue sections or quantification of surface proteins 16 , future work will involve alignment of these standards with newly emerging techniques requiring new types of metadata. We also expect the standard to be expanded with single-cell genomic and epigenomic techniques (e.g. single-cell ATAC-seq), which are not covered here, to address different types of single cell assays more broadly. This would support the reuse and interoperability of various types of single-cell data and facilitate the development of atlases 17, 18 .
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MINSEQE + Component Description

Biosource
The characteristics of the biological sample material and experimental variables. Single cell experiments may have different starting points or several biosource transformation steps in the experimental flow, ranging from donor organism to final cell suspension. Any of these should be described with relevant attributes, as well as their interrelation.
Single cell isolation
Specific to single cell experiments is the cell isolation and singularisation information, for example the method how cells were dissected from tissue, sorted and enriched as well as visual quality checks prior to lysis.
Library construction
The library construction component comprises an overall description of the single-cell protocol, as well as more detailed information about the library preparation method, such as input fraction of biomolecule, primers used, strandedness, spike-in RNAs and information about barcodes for methods using multiplexing.
Sequencing assay
The sequencing assay refers to the sequencing of the library. It describes the sequencing mode and allows capture of technical replicate information such as whether the same library was sequenced multiple times or over different lanes and flow cells.
Raw data
The raw sequencing output, usually in FASTQ format. Additional attributes capture a file's identity (what type of read it contains), location and checksum.
Processed data and postanalysis information
Analysis results of a single-cell experiment, such as gene expression matrix with count values per gene and cell. Some processed data is useful for analysing singlecell experiments, such as a cell type definition that is determined as a result of a cell clustering or a list of cell barcodes. Although not within the "minimum" checklist, this information is helpful and recommended.
Protocols
Describes the procedures for transformation of the material or data from one experimental step to the next.
Study and Publication
General information about the study, such as a description and contributing authors, and a link to a published manuscript using the dataset.
Single cell-specific attributes
In Supplementary Table 2 , we describe the single cell-specific attributes that are captured for each component of the extended MINSEQE standard for scRNA-Seq datasets. Supplementary Table 2 . List of suggested single-cell specific attributes with definitions and significance. Significance levels are defined as 1: Required for analysis (mandatory); 2: Greatly improves data utility (essential); 3: Additional relevant information that can help improve analysis.
Attribute Description Significance
Biosource Organism
The species name of the donor organism. E.g. "Homo sapiens". 
Single cell isolation
Tissue dissociation
The method by which tissues are dissociated into single cells in suspension. Examples are "proteolysis", "mesh passage", "fine needle trituration". 3
Cell enrichment
The method by which specific cell populations are sorted or enriched, e.g. "fluorescence-activated cell sorting (FACS)". 3
Enrichment markers
Description of the specificity markers used to isolate cell populations, e.g. "CD45+". 2
Single cell isolation
The method by which individual cells, nuclei, or another portion are separated for individual barcoding. Examples are "FACS", "microfluidics", "manual selection", "droplet-based cell isolation".
2
Single cell entity
The type of single cell entity derived from isolation protocol e.g. "whole cell", "nucleus", "cell-cell multimer", "spatially encoded cell barcoding". 2
Single cell quality metric For plate/well-based methods information about the well contents may be available. This can either be measured by visual inspection prior to cell lysis or defined by known parameters such as wells with several cells or no cells. This can be captured at a high level, e.g. "OK" or "not OK", or with more specificity such as "debris", "no cell", "doublet", "50 cells".
Cell number
For droplet experiments, the number of cells used as input for the library preparation, e.g. "5000".
Single cell identifier
A unique identifier given to each individual cell, e.g. "cell 1".
Library construction
The library construction method (including version) that was used, e.g. "Smart-Seq2", "Drop-Seq", "10X v3".
Input molecule
This is the specific fraction of biological macromolecule from which the sequencing library is derived, e.g. "polyA RNA".
Primer
The type of primer used for reverse transcription, e.g. "oligo-dT" or "random" primer. This allows users to identify content of the cDNA library input e.g. enriched for mRNA.
Amplification method
The method used to amplify RNA, e.g. "PCR" or "in vitro transcription".
3
Amplification cycles
The number of cycles used to multiply the RNA molecules.
End bias
The end of the cDNA molecule that is preferentially sequenced, e.g. 3/5 prime tag or end, or the full-length transcript.
1
Library strand
The strandedness of the library, whether reads come from both strands of the cDNA or only from the first (antisense) or the second (sense) strand.
Spike in
Spike-in RNAs are synthetic RNA molecules with known sequence that are added to the cell lysis mix. e.g. the External RNA Controls Consortium (ERCC) spike in set is commonly used in single-cell experiments.
Spike in dilution or concentration
The final concentration or dilution (for commercial sets) of the spike in mix, e.g. "1:40,000" 2
Sequencing assay
Library layout If the library was sequenced in single-end or pairedend mode.
Instrument model
The manufacturer and model of the sequencing machine, e.g. "Illumina HiSeq 2500".
Technical replicate group or library reference
A common term for all runs/files belonging to the same cell or library. We suggest to use a stable sample accession from a biosample archive like BioSamples database 6 . Alternatively, the library ID can be referenced from which the files were generated.
1
Raw data files and sequences UMI barcode read
The type of read that contains the UMI barcode: index1/index2/read1/read2.
1
UMI barcode offset
The offset in sequence of the UMI identifying barcode. E.g. "16".
1
UMI barcode size
The size of the UMI identifying barcode. E.g. "10". 1
Cell barcode read
The type of read that contains the cell barcode:
Cell barcode offset
The offset in sequence of the cell identifying barcode. E.g. "0".
Cell barcode size
The size of the cell identifying barcode. E.g. "16". 1
cDNA read
The type of read that contains the cDNA read: index1/index2/read1/read2.
cDNA read offset
The offset in sequence for the cDNA read. E.g. "0". 1
cDNA read size
The size of the cDNA read. E.g. "98". 1
Sample barcode read
The type of read that contains the sample barcode: index1/index2/read1/read2.
Sample barcode offset
The offset in sequence of the sample identifying barcode. E.g. "0".
Sample barcode size
The size of the sample identifying barcode (bp). E.g. "8".
Read 1 file
The name of the file that contains read 1. E.g. "File1_R1.fastq.gz".
Read 2 file
The name of the file that contains read 2 (for pairedend sequencing). E.g. "File1_R2.fastq.gz".
Index 1 file
The name of the file that contains index read 1. E.g. "File1_I1.fastq.gz".
Index 2 file
The name of the file that contains index read 2. E.g. "File1_I2.fastq.gz".
Checksum
Result of a hash function calculated on the file content to assert file integrity. Commonly used algorithms are MD5 and SHA-1. E.g. "ab21a9c0f2007890fe2fbe48df0519f9".
White list barcode file
A file containing the known cell barcodes in the dataset.
Cell-and sample-associated information derived from data analysis
Inferred cell type
Post analysis cell type declaration based on expression profile or known gene function identified by the performer, e.g. if a pool of cells are sequenced with the purpose of identifying new cell types or subpopulations. Per cell, in addition to sample of origin metadata, any number of lineage, class, and subclass attributes that serve to group cells within the sample or set of samples can be declared. E.g. "type II bipolar neuron".
Post analysis cell/well quality
Performer defined measure of whether the read output from the cell was included in the sequencing analysis. For example, cells might be excluded if a threshold percentage of reads did not map to the genome or if pre-sequencing quality measures were not passed. E.g. "pass" or "fail".
2
Protocols
Single cell isolation protocol
How were single cells separated into a single-cell suspension? 3
Nucleic acid library construction protocol
How was the cDNA library constructed? If a kit was used name, manufacturer, catalogue number, lot and date of manufacture should be included. 3
Nucleic acid sequencing protocol
How was the sequencing done, were any special parameters used? How many sequencing runs were done? Expected read lengths. 3
Data analysis protocol
What workflow was followed to derive results from raw, primary, and secondary data? How were cell types inferred? 3 7 3. Implementations Tabular Format MAGE-TAB is a spreadsheet-based format, developed to represent experimental metadata compliant with MIAME/MINSEQE 7 . A simple tabular format, such as MAGE-TAB is well suited for capturing information at the sample (i.e. cell) level. In a sequential way, it follows the sample through the stages of the experimental process, linking different entities from tissue/cell through different protocols for RNA extraction, sequencing library preparation and sequencing to the resulting data files. It is also able to express complex relationships between samples and data, such as different types of technical replicates.
The Gene Expression team at EMBL-EBI has modified the original MAGE-TAB format, both the Investigation Description Format (IDF) and the Sample and Data Relationship Format (SDRF), to capture single-cell specific information. The SDRF has been expanded with single-cell specific terms as "Comment" columns. This allows users to provide all the information required for processing at the single-cell level within a single metafile. Moreover, scRNA-Seq datasets are annotated with the experiment type ontology term "RNA-seq of coding RNA from single cells" (EFO_0005684) in the IDF. In contrast, bulk RNA-Seq datasets are annotated as "RNA-seq of coding RNA" (EFO_0003738), allowing specific retrieval of only scRNA-Seq datasets, only bulk RNA-Seq datasets or both. In order to describe a scRNA-Seq experiment, the IDF should specify the following protocols: 1) sample collection protocol (EFO_0005518), 2) single cell isolation protocol (EFO term pending), 3) single cell nucleic acid library construction protocol (EFO term pending) and 4) single cell sequencing protocol (EFO_0008439). A complete list of MAGE-TAB fields used for archival in ArrayExpress and analysis in Single Cell Expression Atlas can be found at https://github.com/ebi-gene-expression-group/sc-metadata-fields.
An example describing a Smart-Seq2 experiment in Drosophila melanogaster
We have applied our minimum metadata standards to the Smart-Seq2 dataset generated by Li 
An example describing a 10x experiment in Mus musculus
In contrast to plate-based technologies, where each and every cell can be characterised, the high throughput of droplet-based single-cell technologies, such as Drop-Seq or 10x, makes it impractical to annotate cells individually in the SDRF. Moreover, the cells in the same sequencing reaction have identical metadata for the attributes that are known before the data analysis. Therefore, to describe a droplet-based experiment, information is captured in the SDRF at the level of the sequencing library, with each library typically containing a few thousand cells.
E-MTAB-6429 is a 10x experiment comparing HPV16 E7 oncogene expressing mouse keratinocytes versus wild type cells 9 . The SDRF has four samples, describing the four sequencing libraries (2 wild type and 2 transgenic keratinocyte samples). Supplementary 
HCA JSON format
The Human Cell Atlas (HCA) metadata standard is represented and validated by a JSON schema. The schema stipulates each attribute's description, data type, programmatic name, human-readable name, example values, and guidelines for usage. By putting this information within the schema itself, everything needed to easily interpret and project metadata is available in one source. For example, the schema can be used to build tables and forms for data contributor input, to validate submitted metadata against the HCA metadata standard, to map to other metadata standards, and to convert metadata from one format to another (e.g. tabulated to nested JSON).
Similar to MAGE-TAB, the entities described by JSON schema are designed to reflect the experimental design. Biomaterial entities of various types (e.g. donor, cell suspension) are arranged to reflect the experimental workflow. Process and protocol information is captured to describe the transformation of one biomaterial into another, for example transforming a specimen into a cell suspension through dissociation. Entity linking is relied upon to further add expressive context to the metadata, for example linking two different specimens to the same donor to reflect biological replicate samples.
Biomaterials are also linked to data and supplementary data files which have their own set of associated metadata fields. Schema modularity affords fungibility to accurately represent experimental workflow, while the JSON schemas themselves ensure that the fields are tightly controlled and validated to maintain a high metadata standard.
Examples are given in Supplementary Supplementary Table 6 . Metadata captured for a 10x HCA dataset. The subset of fields supplied by the data contributors are shown; unused fields are not shown. Contributor metadata data is not shown as there are many contributors per project. Link:
https://data.humancellatlas.org/explore/projects/005d611a-14d5-4fbf-846e-571a1f874f70.
Metadata Field Metadata Value Scope Project
Project short name HPSI human cerebral organoids Per project
Project title
Assessing the relevance of organoids to model interindividual variation
Project description
The purpose of this project is to assess the relevance of pluripotent stem cell-derived cerebral and liver organoids to recapitulate the variation in cell-type specific gene expression programs between individuals. Towards this aim, we will generate reference atlases of the developing cortex and liver from multiple individuals, derive iPSC lines from these same individuals, and determine if inter-individual gene expression variation is recapitulated in cerebral and liver organoids from the same individual from which we have reference maps. In parallel we will assess the genetic contribution to variability between organoids from different iPSCs of multiple human individuals that are available in existing iPSC resources (e.g. HipSci). 
Contact
Methods
Data submissions to ArrayExpress
ArrayExpress is one of the major databases for functional genomics experiments and receives various kinds of single cell-based datasets. These include different kinds of scRNA-Seq approaches, as well as single-cell DNA-Seq projects (e.g. single-cell ATAC-Seq, singlecell MNase-Seq).
The versatility of new technologies creates a demand to quickly adapt the metadata model and submission tool to new requirements. One challenge was to incorporate new file formats, such as the 10x Genomics file model that stores vital barcode sequences in a third or fourth FASTQ file, in addition to the usual two files for a paired-end sequencing run. These efforts lead to the creation of new tags in the SAM/BAM format specification to accommodate the single cell-specific barcodes together with the genomic/transcriptomic sequence.
For directly submitted ArrayExpress experiments, metadata is curated at the level of submission, which allows curators to collect information from the data provider. The interaction with the data submitters is valuable to not only fill missing bits of information in the existing metadata schema, but also to learn about new, specific components of a particular protocol that have not been considered before.
The Human Cell Atlas Data Coordination Platform of the Human Cell Atlas
The Human Cell Atlas (HCA) Data Coordination Platform (DCP) metadata standard and schema implementation is maintained following an iterative, community-based, data-driven approach. The HCA metadata standard is developed in a transparent and open manner so that the HCA community can participate in the process. Data generators producing data from new cellular-resolution technologies can request updates to the HCA metadata standard in order to better capture information about new data types, for example 10x sequencingspecific metadata fields. Data consumers can also request updates to the metadata standard to support analysis and visualization tool development. Community requests are reviewed by the HCA DCP Metadata Team who assess the value of the requested update to the entire HCA community and, in some cases, agree to adopt the change as part of the HCA metadata standard. The HCA DCP Metadata Team includes members from both the EMBL-EBI and UCSC, and it is have made the most significant contribution to the schema and commits (now totalling close to 3,800) are tracked in the HCA GitHub repository (https://github.com/HumanCellAtlas/metadata-schema).
Single cell technologies are a rapidly developing field. As such the HCA metadata standard needs to be able to adapt accordingly, with regular updates and a process for managing and tracking schema versions. By designing with this principle in mind, data requiring updates to the metadata standard can quickly be submitted to the HCA and made available to consumers.
We anticipate that the HCA will expand to support other data modalities including controlled access data, model organism data, data from disease cohorts, proteomic, metabolomics, genomic and possibly even data from genetically engineered biological samples. The HCA has therefore developed a flexible and modular data model that can be extended to new data types and modalities (https://data.humancellatlas.org/metadata/designprinciples/structure#motivation). By designing with the principle of flexibility in mind, the HCA metadata standard will be prepared to support all future data.
Discussion with the wider community
The reporting guidelines for scRNA-Seq experiments have been extensively discussed through a series of conference calls with the ArrayExpress, HCA, and Human BioMolecular Atlas Program (HuBMAP) communities. Original paper drafts and the metadata implementations of the different projects have been open for input and comparison during that time to support the derivation of the minimum, common terms required for reproducibility of scRNA-Seq experiments.
